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Summary
The class 3 Semaphorins Sema3A and Sema3F are
potent axonal repellents that cause repulsion by bind-
ing Neuropilin-1 and Neuropilin-2, respectively. Plex-
ins are implicated as signaling coreceptors for the
Neuropilins, but the identity of the Plexins that trans-
duce Sema3A and Sema3F responses in vivo is un-
certain. Here, we show that Plexin-A3 and -A4 are key
determinants of these responses, through analysis of
a Plexin-A3/Plexin-A4 double mutant mouse. Sensory
and sympathetic neurons from the double mutant are
insensitive to Sema3A and Sema3F in vitro, and de-
fects in axonal projections in vivo correspond to those
seen in Neuropilin-1 and -2 mutants. Interestingly, we
found a differential requirement for these two Plexins:
signaling via Neuropilin-1 is mediated principally by
Plexin-A4, whereas signaling via Neuropilin-2 is medi-
ated principally by Plexin-A3. Thus, Plexin-A3 and
-A4 contribute to the specificity of axonal responses
to class 3 Semaphorins.
Introduction
Axons are guided to their targets during development
by cues in the extracellular environment. Several fami-
lies of guidance molecules, including Netrins, Slits,
Ephrins, and Semaphorins, as well as molecules that
are traditionally thought of as morphogens, contribute
to precise axonal guidance in both vertebrates and in-
vertebrates (Tessier-Lavigne and Goodman, 1996; Dick-
son, 2002; Schnorrer and Dickson, 2004). Of these, the
Semaphorins are a large family, comprising 19 secreted
and membrane bound molecules in vertebrates (Pas-
terkamp and Kolodkin, 2003). Within this family, the six
secreted proteins in class 3 are the best studied, and
of these Sema3A and Sema3F are particularly well
characterized for their effects on developing axons. Al-*Correspondence: hjcheng@ucdavis.edu (H.-J.C.); marctl@gene.
com (M.T.-L.)though initially discovered as axon repellents, it is now
clear that class 3 Semaphorins can trigger a variety of
responses, including axon pruning, dendrite attraction,
and dendrite branching (Bagri et al., 2003; Campbell et
al., 2001; Fenstermaker et al., 2004; Polleux et al.,
2000).
The receptors that mediate repulsive responses to
class 3 Semaphorins have been the subject of intense
studies. The receptors for Sema3A and Sema3F have
been shown to be heteromeric complexes including
binding and signaling moieties. The binding moieties
are now well established to be members of the Neuro-
pilin family, which comprises two members in verte-
brates and is not found in invertebrates (Bagri and Tes-
sier-Lavigne, 2002). The two Neuropilins each bind a
distinct subset of class 3 Semaphorins: thus, Sema3A
preferentially binds neuropilin-1, whereas Sema3F pref-
erentially binds neuropilin-2 (Chen et al., 1997; Giger et
al., 1998; Takahashi et al., 1998). Both in vitro and in
vivo studies have demonstrated an absolute require-
ment for Neuropilins in mediating axonal responses to
Sema3A and Sema3F (Chen et al., 2000; Giger et al.,
2000; Kitsukawa et al., 1997). However, Neuropilins
have a very short cytoplasmic domain, suggesting that
they form a complex with an additional coreceptor(s)
that functions as a signaling moiety (He and Tessier-
Lavigne, 1997; Kolodkin et al., 1997; Nakamura et al.,
1998).
The identity of the signaling coreceptors for the Neu-
ropilins has been less firmly established, but strong
candidates are provided by members of the Plexin fam-
ily, which is conserved from worms to vertebrates.
Plexins are transmembrane proteins containing a Sem-
aphorin (Sema) domain followed by a cysteine-rich
motif in their extracellular region and a conserved
Plexin-specific Sex-Plexin (SP) domain in their cyto-
plasmic region. The nine vertebrate Plexins are divided
into four subfamilies (A–D) based on structural features
(Tamagnone et al., 1999; Puschel, 2002). The identifica-
tion of Plexins as candidate Semaphorin receptors was
made in the immune system, where Plexin-C1 was puri-
fied as a binding protein for the viral Semaphorin A39R
from vaccinia virus (Comeau et al., 1998). This study
led several groups to investigate whether Plexins are
signaling receptors for membrane bound Semaphorins.
In Drosophila, evidence was thus obtained that D-Plexin
A is a functional receptor for the transmembrane Sema-
phorin Sema-1a/b, based on the finding that D-Plexin
A mutants and Sema-1a/b mutants exhibit similar axon
guidance defects in vivo and that Sema-1a/b can bind
to D-Plexin A in vitro (Winberg et al., 1998). Similarly, in
C. elegans, SMP-1/Sema1A has recently been shown
to bind PLX1/Plexin1, and smp-1 and -2 function in the
same genetic pathway as plx-1, consistent with Plexin1
being a functional Semaphorin receptor (Fujii et al.,
2002; Dalpe et al., 2004). In vertebrates, several mem-
brane bound Semaphorins were similarly shown to bind
directly to Plexins: Sema 4D to Plexin-B1, Sema7A to
Plexin-C1, Sema6D to PlexinA1 (Tamagnone et al.,
1999; Toyofuku et al., 2004; Gu et al., 2005). A secreted
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514Semaphorin, Sema3E, has recently been shown to bind i
directly to Plexin-D1, an interaction that appears to me- p
diate the effects of this Semaphorin in patterning the o
vasculature (Gu et al., 2005). However, whether these g
binding relations all reflect roles for the Plexins as func- i
tional receptors in vivo remains uncertain. However, the t
evidence argues against Plexin-C1 mediating the ac- b
tions of Sema7A on axons (Pasterkamp et al., 2003). m
The class 3 Semaphorins Sema3A and Sema3F do b
not, however, appear to bind Plexins directly, and Plex- t
ins have been proposed instead to function as signaling s
coreceptors in complex with binding moieties provided n
by Neuropilins, a possibility supported by the fact that a
all nine vertebrate Plexins interact with Neuropilins in k
transfected cell lines (Rohm et al., 2000; Takahashi et i
al., 1999; Tamagnone et al., 1999). Initial evidence in g
support of the coreceptor model came from the finding l
that putative dominant-negative constructs provided 2
by truncated Plexin-A1 or -A2 proteins could block k
Sema3A responses when introduced into neurons p
(Rohm et al., 2000; Takahashi et al., 1999; Tamagnone i
et al., 1999). In addition, in transfected COS cells
Plexin-A1 or -A2 but not -A3 was shown to mediate a c
contraction response of the cells to Sema3A (or s
Sema3F) when coexpressed with Neuropilin-1 (or Neu- g
ropilin-2, respectively) (Takahashi and Strittmatter, 2001). a
However, the significance of these studies for the nor- s
mal physiological responses of neurons to Sema3A and m
Sema3F has been uncertain. s
To determine which Plexins, if any, mediate the nor- p
mal responses of embryonic sensory and sympathetic S
neurons to Sema3A and Sema3F, we studied the ex- p
pression of all nine Plexins and identified Plexin-A3 l
and -A4 as the most likely candidates, as they are ex-
pressed at high levels in these neurons (Cheng et al., R
2001). Through generation and analysis of a Plexin-A3
knockout mouse, we showed that responses to Sema3F Gare completely dependent and responses to Sema3A
apartially dependent on Plexin-A3, thus contradicting
Athe COS cell studies and supporting a model in which
PPlexin-A3 is a signaling coreceptor with Neuropilin-2
Sand, to a lesser extent, Neuropilin-1 (Cheng et al.,
o2001). However, our analysis also indicated that there
rmust be additional transducers that mediate Sema3A
sand Sema3F responses. First, sympathetic and sensory
Pneurons only partially lose their responsiveness to
nSema3A. Second, we detected only mild defects of the
aperipheral sensory projections and cranial projections
win the Plexin-A3 mutants (Cheng et al., 2001), compared
pto those observed in Neuropilin-1 or Sema3A mutant
imice, in which sensory axons defasciculate and spread
twidely, and some aberrantly cross the midline (Kitsu-
kawa et al., 1997; Taniguchi et al., 1997). Third, only
ga subset of the abnormalities that were found in the
uNeuropilin-2 or Sema3F mutant mice were found in the
cPlexin-A3 mutants, even though Plexin-A3-deficient
isympathetic axons completely lose their responsive-
mness to Sema3F (Cheng et al., 2001); specifically, de-
pfects in trochlear and oculomotor axons, as well as
edefects in the anterior commissure observed in Neu-
wropilin-2 or Sema3F mutants (Chen et al., 2000; Giger
aet al., 2000; Sahay et al., 2003) were not seen in Plexin-
nA3 mutants. These findings prompted us to ask
pwhether another Plexin or yet some other receptorcould account for the remaining responses. Plexin-A4s a candidate for this role, based on its expression
attern (Cheng et al., 2001; Suto et al., 2003). However,
ther transmembrane proteins have also been sug-
ested to contribute to Semaphorin responses. In the
mmune system, Semaphorin-4A enhances the activa-
ion and differentiation of T cells through Tim2, a mem-
er of the T cell immunoglobulin domain and mucin do-
ain protein family, whereas Semaphorin-4D (CD100)
inds and inhibits the activity of CD72, a known nega-
ive regulator of B cells, thereby enhancing B cells’ re-
ponses in vivo (Kumanogoh et al., 2000, 2002). In the
ervous system, a β1 integrin(s), not Plexin-C1, medi-
tes Sema7A stimulation of axon outgrowth (Paster-
amp et al., 2003). Yet, other transmembrane proteins,
ncluding L1 CAM, Off-track, and Met have been sug-
ested to participate in Semaphorin responses (Castel-
ani et al., 2000; Giordano et al., 2002; Winberg et al.,
001). The results highlight the need to identify the un-
nown transducer(s) to understand how class 3 Sema-
horin signals are transduced in the nervous system
n vivo.
Here, we have tested directly whether Plexin-A4 ac-
ounts for the residual class 3 Semaphorin responses
een in neurons from Plexin-A3 knockout mice, through
eneration and analysis of a Plexin-A4 knockout mouse
nd a Plexin-A3, -A4 double knockout mouse. Our re-
ults support the idea that Plexin-A3 and -A4 together
ediate the responses to class 3 Semaphorins in sen-
ory and sympathetic neurons, with Plexin-A4 being
rincipally responsible for mediating responses to
ema3A via Neuropilin-1 and Plexin-A3 being princi-
ally responsible for responses to Sema3F via Neuropi-
in-2.
esults
eneration of Plexin-A4 Single Mutants
nd Plexin-A3/Plexin-A4 Double Mutants
nalysis of Plexin-A3 mutant mice demonstrated that
lexin-A3 transduces only part of the Sema3A and
ema3F responses in vivo and in vitro, suggesting that
ther Plexin family members might be involved in the
esponses. In situ hybridization experiments have
hown that Plexin-A4 is strongly coexpressed with
lexin-A3 in the dorsal root ganglia (DRG), the trigemi-
al ganglia (TG), and the superior cervical ganglia (SCG,
sympathetic ganglion) at the developmental stages
hen these neurons are responding to class 3 Sema-
horins (Cheng et al., 2001; Suto et al., 2003). To exam-
ne the role of Plexin-A4 in Semaphorin signaling, we
herefore generated a Plexin-A4 null mouse.
Multiple attempts to target the Plexin-A4 genomic re-
ion encoding the N terminus of Plexin-A4 failed for
nknown reasons (data not shown). We therefore de-
ided to delete the Plexin-A4 genomic region contain-
ng exons encoding the transmembrane domain. Ho-
ologous recombination in embryonic stem cells was
erformed using a targeting vector designed to replace
xons 18 and 19 of the Plexin-A4 genomic sequence
ith a cassette for neomycin expression (Figure 1A). In
ddition, an endoplasmic reticulum (ER) retention sig-
al was added at the end of the truncated Plexin-A4
rotein in order to prevent its secretion, followed by amyc epitope that would facilitate the detection of any
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515Figure 1. Generation of Plexin-A4 Mutant Mice
(A) Schematic structures of targeting vector, wild-type Plexin-A4 gene, and mutant allele. Homologous recombination should generate a
mutant allele that lacks exon 19 (E19), which encodes the transmembrane domain, and exon 18 (E18). In addition, it will generate an in-frame
insertion of a myc epitope followed by an ER retention signal (ERR) and a stop signal to the end of exon 17. The 5# probe for Southern blot
genotyping (cross-hatched boxes) and the PCR fragments specific for wild-type (WT PCR) and mutant (KO PCR) alleles are indicated. B,
BamHI; EI, EcoRI; N, NotI; Pa, PacI.
(B) Southern blot analysis of tail genomic DNA of three offspring from an intercross of heterozygous mutants. Genomic DNA was digested
with EcoRI and subjected to Southern blot analysis with the 5# probe as indicated in (A). The sizes of the wild-type and mutant alleles are 17
and 10 kb, respectively. +/+, wild-type; +/−, Plexin-A4 heterozygous mice; −/− Plexin-A4 knockout mice.
(C) PCR genotyping of offspring from intercrosses of heterozygous mutants. The sizes of PCR products are 676 and 428 bp for the wild-type
and mutant alleles, respectively.
(D and E) RT-PCR analysis of wild-type (+/+) and KO (−/−) RNA using primers 5# to the cassette insertion (D) and 3# to the cassette insertion (E).
(F) Northern blot analysis of wild-type (+/+) and KO (−/−) RNA using a 5# probe. Neither the full-length wild-type Plexin-A4 mRNA nor the
truncated mRNA that could arise from the mutant allele was detected in the mutants. A very faint band with slightly higher molecular weight
was noted in the mutant lane. The nature of this signal is unknown; however, if it represents some alternative Plexin-A4 transcript, it would
be at most 6% of wild-type (as assessed by phosphoimager analysis). Thus, the mutant is either a null or a near null. Solid arrowheads, wild-
type bands; open arrowheads, mutant bands.mutant protein that is made. Targeting events were de-
tected by Southern blot (Figure 1B) and PCR analysis
(Figure 1C).
Plexin-A4 homozygous mutants are viable and fertile.
They are born in an approximate Mendelian ratio (16/
70, 22%) from intercrosses of heterozygous mutants.
We were able to detect mRNA for Plexin-A4 using a
sensitive RT-PCR assay with primers designed to a re-
gion 5# to the insertion of the Neo cassette but not with
primers designed to a region 3# to the cassette, indicat-
ing that only a shorter mutant message is generated
(Figures 1D and 1E). The level of this message is, how-
ever, strongly reduced compared to wild-type, since it
was not detected by Northern blot using a 5# probe
(Figure 1F), and since the truncated protein predicted
to be translated from the mutant transcript is undetect-
able by Western blotting with anti-myc antibodies (see
Figure S1 in the Supplemental Data available with this
article online). Thus, we believe this allele is a null or
near null allele, and we do not expect any significant
dominant-negative effect of any truncated Plexin-A4that is generated. This expectation was born out by
careful examination of sensory axons from Plexin-A4
heterozygous embryos both in vivo and through in vitro
assays, as we did not detect any difference (compared
to wild-type) in the trajectories of these axons in vivo
or their responses to Semaphorins in vitro (data not
shown).
To address whether Plexin-A3 and Plexin-A4 together
are responsible for all Sema3A and Sema3F signaling,
we also generated a Plexin-A3/Plexin-A4 double knock-
out mouse (Plexin-A3/A4 double) from crosses of single
knockouts. To our surprise, we found that the double
mutants are viable.
Sensory Axons from Plexin-A3/A4 Double Mutant
Mice Show Complete Loss of Responsiveness
to Sema3A In Vitro
The axons of sensory neurons from the DRG of Plexin-
A3 mutant mice show only a slight reduction in re-
sponse to Sema3A compared to wild-type neurons
(Cheng et al., 2001). To address whether Plexin-A4
Neuron
516might be mediating the remaining responses of Plexin- t
PA3-deficient DRG axons, we examined the responses
of DRG axons either from Plexin-A4 single or Plexin-A3/ c
pA4 double mutant mice in an explant collagen repulsion
assay and a growth cone collapse assay. g
tAxons lacking Plexin-A4 were still repelled by
Sema3A (Figures 2C and 2D), but the amount of repul- t
wsion was clearly lower than what was observed with
wild-type axons (Figures 2B–2D). First, approximately (
b10%–20% of the axons were not repelled at all and
even grew directly into the aggregate of cells express- s
bing Sema3A, suggesting that in some neurons Sema3A
signaling may be transduced only by Plexin-A4. In addi- t
otion, the remaining axons, while clearly repelled, fanned
out broadly as they grew away from the Sema3A b
csource, unlike wild-type axons, which were tightly fas-
ciculated as they grew away. These results suggest that t
IPlexin-A4 is an important but not exclusive mediator of
the Sema3A response in these axons (Figures 2C and d
t2D). To quantify the response, we turned to growth
cone collapse assays. At the concentration of Sema3A A
r(8 ng/ml) that leads to 100% collapse of wild-type DRG
growth cones, a small but significant portion of growth P
Ocones from Plexin-A4-deficient DRGs did not collapse
(Figures 2G and 2I). When the concentration of Sema3A l
awas reduced in the assays, a difference between wild-
type and mutant growth cones was still observed, dem- o
onstrating that in the absence of Plexin-A4 some neu-
rons lose their ability to respond to low concentrations P
Dof Sema3A.
We next examined the responses of the DRG axons WFigure 2. Plexin-A4 Is Required for Sema3A
Signaling in DRG Axons
DRG axons from Plexin-A4 mutant mice par-
tially lose their response to Sema3A. E12.5
DRG were dissected and cocultured with cell
aggregates in a collagen matrix. Mutant and
wild-type explants were placed either sepa-
rately (A–C) or in the same culture dish (D) to
aid direct comparisons between explants. (J)
shows quantification of representative repul-
sion experiments. The repulsive activity is
measured by the axon outgrowth ratio P/D,
where P is the extent of axon outgrowth on
the side proximal to the cell aggregate, and
D is the extent of axon outgrowth distal to
the cell aggregate, as schematized in (E). A
P/D ratio of 1 therefore indicates no repul-
sion. Standard error for each condition is in-
dicated with a bar. For each experiment, six
explants were used for each condition. Each
set of experiments was repeated at least
three times, and a representative is shown
here. Scale bar is 150 m. Explants were
grown on a PDL/laminin surface and stim-
ulated with 8 ng/ml of Sema3A for 45 min
(F–I); white arrows indicate uncollapsed ax-
ons, gray arrows indicate collapsed axons,
and arrowheads indicate migrating cells. (K)
Dose response of wild-type and Plexin-A4
mutant axons to Sema3A. Collapsed and un-
collapsed axons were counted, and in each
case the percentage of uncollapsed axons
was calculated. For each experiment, about
100 axons were counted from four DRGs. Each experiment was repeated three times. p < 0.0001 for 8 ng/ml Sema3A, and p < 0.04 for 4 ng/
ml and 2 ng/ml; Student’s t test. DRG, dorsal root ganglion; WT, wild-type; A4 KO, Plexin-A4 knockout mice.from Plexin-A3/A4 double mutants to Sema3A. Unlikehe partial effects that were observed in Plexin-A3 and
lexin-A4 mutants, DRG axons that lacked both Plexins
ompletely lost their responses to Sema3A in the ex-
lant collagen repulsion assay (Figures 3A–3C). When
rown next to a COS cell aggregate secreting Sema3A,
he double mutant axons exhibited radial outgrowth
hat was indistinguishable from that seen when axons
ere grown next to untransfected COS cell aggregates
compare Figure 2A to Figure 3C). To rule out the possi-
ility that a small number of mutant axons might re-
pond to Sema3A but that their responses were masked
y the mass of unresponsive axons, we again turned to
he growth cone collapse assay in which the response
f each individual growth cone is not affected by neigh-
oring axons and single growth cones are counted. We
hallenged the axons with a concentration of Sema3A
hat leads to 100% collapse of wild-type growth cones.
n agreement with the repulsion assays, we found no
ifference in the number of collapsed growth cones be-
ween stimulated and nonstimulated axons from Plexin-
3/A4 double mutant mice (Figures 3F and 3G). These
esults demonstrate that, in DRG axons, Plexin-A3 and
lexin-A4 are necessary signaling receptors for Sema3A.
ther Plexins, although expressed at least at the mRNA
evel in some sensory neurons (Cheng et al., 2001; Mur-
kami et al., 2001), do not appear sufficient on their
wn to mediate the responses.
eripheral Sensory Axon Projections Are Severely
isrupted in Plexin-A3/A4 Mutant Embryos In Vivo
e next examined the projections of sensory axons inthe mutant embryos. Consistent with the in vitro data,
Requirement for Plexins in Semaphorin Signaling
517Figure 3. Plexin-A3 and Plexin-A4 Mediate
Sema3A Signaling in DRG Axons
DRG axons from Plexin-A3/A4 mutant mice
completely lose their response to Sema3A.
E12.5 DRGs were dissected and cocultured
with cell aggregates in a collagen matrix.
Mutant and control explants were placed
either separately (A and C) or in the same
culture dish (B) to aid direct comparisons
between explants. As controls, DRGs from
Plexin-A3 mutant littermates’ embryos were
used. (H) shows quantification of representa-
tive repulsion experiments as described in
Figure 2. Standard error for each condition
is indicated with a bar; scale bar is 150 m.
Explants were grown on a PDL/laminin sur-
face and stimulated with 8 ng/ml of Sema3A
for 45 min (E–G and I). No difference was de-
tected in the amount of collapsed growth
cones between unstimulated controls and
stimulated mutants. The quantification
method is as described in Figure 2, but here
the percentage of the collapsed axons is
presented. DRG, dorsal root ganglion; A3
KO, Plexin-A3 knockout; A3, A4 KO, double
Plexin-A3/Plexin-A4 knockout.the peripheral sensory projections in the Plexin-A3/A4
double mutants are severely disrupted. Exuberant ar-
borizations were noted starting at E11.5 (Figures 4A
and 4C). At E12.5, the abnormalities are even more dra-
matic (Figures 4D and 4F), with many axons actually
crossing the dorsal midline to the other side of the body
(Figures 4J–4L). The outgrowth and branching are so
extensive at this stage that it is as if there are no more
boundaries for the axons. The phenotypes observed in projections in vivo. In the limb buds, the spinal sensory
Figure 4. Severe Disruptions of Sensory Pro-
jections in Plexin-A3/A4 Double Knockout
Mice
Whole-mount anti-Neurofilament staining
was performed on E11.5 and E12.5 embryos.
Lateral view of embryos (A–F); dorsal is to
the left. Peripheral sensory axons (arrow-
heads) in the Plexin-A3/A4 mutant embryos
exhibit severe arborization and defascicula-
tion at E11.5 (A–C), a phenotype that is fur-
ther enhanced at E12.5 (D–F). (G–I) Fore-
limbs at E12.5. Arrowhead indicates a
misprojecting fiber bundle along the ventral
part of the paw. (J–L) Neural tube (NT) at
E12.5; dorsal view; anterior is up. Arrowhead
indicates axons crossing the dorsal midline.
WT, wild-type; A4 KO, Plexin-A4 KO; A3/A4
double KO, Plexin-A3/A4 double KO. Scale
bar is 200 m for (A)–(F) and 320 m for
(G)–(L).the double mutants are very similar to those observed
in Neuropilin-1 mutant embryos, providing evidence
that the responses of sensory axons to Sema3A in vivo
are mediated by both PlexinA3 and Plexin-A4 (Gu et al.,
2003; Kitsukawa et al., 1997).
A mild but clear phenotype in spinal sensory neurons
was observed in Plexin-A4 mutants, indicating that
Plexin-A4 by itself is partially required for the sensory
Neuron
518axons in the Plexin-A4 mutant mice failed to form thick (
tnerve bundles at E11.5 (Figures 4A and 4B) and showed
genhanced branching at E12.5 (Figures 4D and 4E). In
eaddition, a misprojecting fiber bundle along the ventral
dpart of the paw was observed in Plexin-A4 mutant
pmice; this phenotype was not enhanced in the Plexin-
aA3/A4 mutant mice and was not observed in Neuro-
bpilin-1 mutant mice, suggesting that Plexin-A4 might be
sinvolved in guiding certain spinal sensory axons in a
dNeuropilin-1-independent fashion (Figures 4G–4I) (Gu
Pet al., 2003; Kitsukawa et al., 1997).
gIt has been suggested previously that Sema3A might
wserve as a barrier in the ventral part of the spinal cord
mto restrict the central projections of NGF-sensitive DRG
faxons to the dorsal part of the spinal cord (Messer-
asmith et al., 1995). We therefore examined the central
dprojections of sensory axons into the gray matter of the
nspinal cord at E15.5 (data not shown) and E17.5 (Figure
hS1) in the Plexin-A3/A4 double mutants by placing DiI
ain the DRG and anterogradely labeling the axons. No
Smajor defects were observed in these mutant animals,
Sconsistent with the lack of phenotype observed for
these projections in Sema3A mutants as well (Taniguchi
tet al., 1997). It might be that additional repulsive cues
fexist in the ventral spinal cord or that local attractive
tcues in the dorsal spinal cord play a redundant and
imore important role in regulating this process.
m
s
Defects in the Cranial Nerve Projections in Plexin-A4 p
Single and Plexin-A3/A4 Double Mutants n
Semaphorin signaling is also essential for the correct s
guidance of the cranial nerves. Our in vitro results sug- 2
gested that defects should be observed in these pro- T
jections in Plexin-A4 mutant mice and, more severely, in d
Plexin-A3/A4 double mutant mice. We analyzed mutant s
wembryos at E11.5 and E12.5 using anti-NeurofilamentFigure 5. Severe Defects in Cranial Nerve
Projections in Plexin-A3/A4 Double Knock-
out Mice
Whole-mount anti-Neurofilament staining was
performed on E11.5 and E12.5 embryos. Lat-
eral view of embryos; dorsal is to the left.
The three branches of the trigeminal nerve
(V)—ophthalmic (Op), maxillary (Mx), and
mandibular (Md)—exhibit disorganization in
Plexin-A4 KO and Plexin-A3/A4 double KO
mice (A–C). In the Plexin-A4 KO, defects can
be detected in the ophthalmic and the maxil-
lary branches, as indicated by arrowheads.
In the Plexin-A3/A4 double KO, the disorga-
nization is enhanced and can be detected in
the mandibular branch as well. The trochlear
nerve (IV), indicated by an arrowhead (D–F),
is disrupted in the Plexin-A3/A4 double KO,
as a clear bundle can be detected in the
wild-type and Plexin-A4 KO, but only a few
defasciculated fibers can be detected in the
Plexin-A3/A4 double KO. Fibers from the
ophthalmic branch invade the eye region. Fi-
bers can be detected already at E11.5 (arrow
in [F]), and at E12.5 the entire eye is covered
with crossing axons (G–I). Scale bar is 200
m for (A)–(C) and (G)–(I) and 320 m for
(D)–(F).NFM) whole-mount immunostaining. In Plexin-A4 mu-
ants at E11.5, all three projections of the trigeminal
anglion (ophthalmic, maxillary, and mandibular) gen-
rally projected to their correct targets; however, clear
isorganization of the ophthalmic and the maxillary
rojections was observed (Figures 5A and 5B). Most
ffected was the ophthalmic branch, which overshot
eyond the front observed in wild-type embryos, with
ome fibers leaving the main bundle to grow in different
irections. These defects were further enhanced in the
lexin-A3/A4 double mutants. Much more severe disor-
anization and defasciculation of all three branches
as detected, more fibers of the ophthalmic branch
isprojected in different directions, and some of the
ibers even started to invade the eye region (Figures 5A
nd 5C). In addition, the trochlear nerve was severely
efasciculated, even though individual axons of this
erve bundle could still be seen leaving the midbrain-
indbrain junction (Figures 5D–5F). These latter results
re very similar those observed in the Neuropilin-2 and
ema3F mutants (Chen et al., 2000; Giger et al., 2000;
ahay et al., 2003).
At E12.5, axon fibers from the ophthalmic branch of
he Plexin-A3/A4 double mutant covered the entire
ace, including the eyes (Figures 5G–5I). The fibers were
hinner and heavily branched when compared to those
n the wild-type, demonstrating that these two Plexins
ediate guidance, fasciculation, and branch suppres-
ion of these axons. Interestingly, in Sema3A, Neuro-
ilin-1, or Neuropilin-1Sema mutant mice, the eyes were
ot invaded by the aberrant axons as intensively as ob-
erved in the Plexin-A3/A4 double mutants (Gu et al.,
003; Kitsukawa et al., 1997; Taniguchi et al., 1997).
hese results might indicate a Neuropilin-1-indepen-
ent role for Plexins in guiding cranial nerves, as was
uggested above for some spinal sensory nerves as
ell.
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519Figure 6. Plexin-A4 Is Required for Sema3A but Not Sema3F Signaling in Sympathetic Axons
E13.5 SCGs were dissected and cocultured with COS cell aggregates expressing Sema3A or Sema3F. (A–E) Repulsion of SCG axons by
Sema3A is abolished in the Plexin-A4 knockout mice. The repulsion was tested in two conditions with cell aggregates either from Sema3A-
transfected COS cells (high Sem3A) or from Sema3A-transfected cells diluted with a 10-fold excess of untransfected COS cells (low Sema3A).
SCG axons from the Plexin-A4 mutant mice barely respond to Sema3A in both conditions (p < 0.0001 for high Sema3A, and p < 0.01 for low
Sema3A; Student’s t test); standard error for each condition is indicated with a bar. (F–J) SCG axons from Plexin-A4 knockout mice were still
repelled by Sema3F. (K–O) The SCG axons from Plexin-A3/A4 double mutants (A3, A4 KO) lose their responses to Sema3A and Sema3F. In
these assays, mutant and wild-type explants were placed in the same culture dish. For comparison, typical responses of the SCG axons from
Plexin-A3 knockout mice are included here (see also Cheng et al., 2001). WT, wild-type; A4 KO, Plexin-A4 knockout mice; A3 KO, Plexin-A3
knockout mice; A3, A4 KO, Plexin-A3/A4 double knockout mice. Curved dotted lines in (A)–(D) and (F)–(I) indicate the position of cell aggre-
gates. Straight dotted lines in (K)–(O) are used to separate the wild-type (top) and mutant (bottom) explants. Scale bar is 200 µm for (A)–(D)
and (F)–(I) and is 430 µm for (K)–(O).Responsiveness of Sympathetic Axons from Plexin-
A4 and Plexin-A3/A4 Mutants to Class 3
Semaphorins In Vitro
Unlike sensory neurons, SCG neurons express both
Neuropilin-1 and Neuropilin-2. Our previous study showed
that Plexin-A3 was essential for signaling through Neu-
ropilin-2 and that signaling through Neuropilin-1 was
also partially affected, suggesting specificity in the as-
sociation of Neuropilins with different Plexins. We ex-
amined the response of E13.5 SCG neurons from
Plexin-A4 mutants growing in the presence of NGF to
Sema3A (Neuropilin-1 dependent) and Sema3F (Neu-
ropilin-2 dependent) using the collagen repulsion assay.
Interestingly, the result was a mirror image of that ob-
tained with Plexin-A3 mutants, i.e., whereas the re-
sponse to Sema3A was partially reduced, the response
to Sema3F was not affected (Figures 6A–6J). Next, we
performed the experiment with neurons lacking both
Plexin-A3 and Plexin-A4. As found for DRG axons, the
response to Sema3A was completely lost, and the ax-
ons demonstrated a radial outgrowth (Figures 6K–6O
and Figure S2). Together with our previous demonstra-
tion that the response of SCG axons to Sema3F is com-
pletely lost in neurons from Plexin-A3-deficient animals,these results show that, as in sensory neurons, Plexin-
A3 and Plexin-A4 mediate the response of sympathetic
axons to class 3 Semaphorins.
Axon Guidance Defects in the Central Nervous
System of Plexin-A3/A4 Double Mutants
Several axon guidance defects in the central nervous
system (CNS) were described in the Neuropilin-2 and
Sema3F mutant mice (Chen et al., 2000; Giger et al.,
2000; Sahay et al., 2003). Two clear phenotypes are the
overshooting of the infrapyramidal bundle in the hippo-
campus and the disruption of the anterior commissure.
In our previous work, we found that Plexin-A3 is re-
quired for the Sema3F-dependent pruning of the infra-
pyramidal bundle (Bagri et al., 2003). However, we did
not detect defects in the anterior commissure in the
Plexin-A3 mutant mouse (data not shown), unlike in
Neuropilin-2 mutant mice. We found clear disruption of
the anterior commissure in the Plexin-A4 mutants (Fig-
ure 7). The tract was reduced in size and defascicu-
lated, as observed in Neuropilin-2 and Sema3F mutant
mice (Chen et al., 2000; Giger et al., 2000; Sahay et al.,
2003). These results support the idea that Plexin-A3
Neuron
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Figure 7. The Anterior Commissure Is Disrupted in the Plexin-A4 KO
Coronal sections (100 m) of E18.5 brains from wild-type and
sPlexin-A4 KO mice were stained with cresyl violet. Arrows point to
nthe anterior commissure. A thick bundle can be detected in the
swild-type, but only a few fibers are present in the Plexin-A4 KO
(A4 KO). d
g
oand Plexin-A4 mediate the activity of class 3 Semapho- r
rins in the CNS as well. e
p
Discussion
t
oThe vertebrate class 3 Semaphorins are important reg-
rulators of axon guidance, cell migration, and vascular
premodeling. Both in vitro and in vivo studies have
ashown that Neuropilin-1 and Neuropilin-2 are the bind-
ping moieties in class 3 Semaphorin receptors. However,
Tthe signaling receptors that partner with Neuropilin-1
rand Neuropilin-2 in vivo to mediate the actions of class
a3 Semaphorins are still poorly characterized. We have
nprovided evidence that two members of the Plexin re-
tceptor family, Plexin-A3 and Plexin-A4, are the key nec-
tessary signaling receptors for class 3 Semaphorins in
sthe guidance of a variety of developing axons in both
ethe peripheral nervous system (PNS) and the CNS.
c
rPlexin-A4 and -A3 Are Preferential Coreceptors
ffor Neuropilin-1 and -2, Respectively
rInitial in vitro studies identified the Plexins as corecep-
ators for Neuropilins. Several distinct Plexins have been
pshown to form complexes with Neuropilins in trans-
tfected cells, suggesting that all of them could poten-
ttially serve as coreceptors (Rohm et al., 2000; Takahashi
net al., 1999; Tamagnone et al., 1999). In COS cell-based
iassays, Plexin-A1, Plexin-A2, and Plexin-A4, but not
pPlexin-A3, were able to transduce a Sema3A and a
tSema3F-induced signal when cotransfected with Neu-
oropilin-1 or Neuropilin-2 (Suto et al., 2003; Takahashi
oand Strittmatter, 2001). However, our analysis of Plexin-
sA3 knockout mice contradicted these in vitro studies
wand supported a role for Plexin-A3 both as an essential
hpart of the receptor complex for Sema3F in sympa-
Pthetic neurons and as a partial transducer of the
tSema3A response in both sensory and sympathetic
oneurons (Cheng et al., 2001).
eThe fact that the Sema3A response showed only mi-
onor impairment in the Plexin-A3 knockout directed our
pattention to the identity of other transmembrane pro-
fteins that could collaborate with Plexin-A3 in transduc-
ing the Sema3A signal. Our current analysis identifies
Plexin-A4 as a key additional receptor, since sensory P
Oneurons from Plexin-A4 knockout mice are strongly im-
paired in their Sema3A responses, and those fromlexin-A3/A4 double knockout mice are totally insensi-
ive to Sema3A, despite the fact that other members of
he Plexin family are coexpressed in subsets of sensory
eurons (Cheng et al., 2001; Takahashi et al., 1999).
hese results raise the possibility that Plexin-A3 and
A4 are the key Neuropilin coreceptors required for
lass 3 Semaphorin responses in sensory neurons, with
lexin-A4 being the principal coreceptor.
These results in sensory neurons are paralleled by
hose in SCG neurons. SCG axons express both Neu-
opilin-1 and Neuropilin-2 and thus respond to both
ema3A and Sema3F (Chen et al., 1998). Our previous
tudy showed that the response to Sema3F is predomi-
ately dependent on Plexin-A3, whereas this study
hows that the response to Sema3A is predominately
ependent on Plexin-A4. These results confirm a de-
ree of specific functional association of the members
f the Plexin family with the two members of the Neu-
opilin family: at a functional level, Neuropilin-1 prefer-
ntially associates with Plexin-A4, and Neuropilin-2
referentially associates with Plexin-A3 (Figure 8).
What accounts for this specificity? One possibility is
hat it could reflect a preferential physical association
f Plexin-A4 and Plexin-A3 with Neuropilin-1 and Neu-
opilin-2, respectively. Previous studies did not report a
referential physical association of the different Plexins
nd the two Neuropilins as assessed by coimmuno-
recipitation from transfected cells (Rohm et al., 2000;
akahashi et al., 1999; Tamagnone et al., 1999); we have
epeated such transfection studies and have observed
slight preference of Plexin-A3 for Neuropilin-2, though
ot of PlexinA4 for Neuropilin-1 (Figure S4). However,
he presence or absence of a preferential interaction in
ransfected cells must be interpreted with caution,
ince the proteins are overexpressed; whether a prefer-
ntial physical interaction exists under physiological
onditions must therefore be addressed in primary neu-
ons, especially since it could be promoted by host
actors (such as proteins known to interact with Neu-
opilins, like L1 or other Ig superfamily members). The
bsence of antibodies that can be used to immuno-
recipitate endogenous Plexins unfortunately makes
his assessment impossible at this time. Alternatively,
he preferential functional interaction that we observe
eed not reflect principally a direct preferential physical
nteraction of particular Plexins with particular Neuro-
ilins but could reflect the operation of adaptor pro-
eins that favor some interactions at the expense of
thers. In this context, it is of interest that members
f the MICAL family, which participate in Semaphorin
ignaling, have been shown to associate differentially
ith members of the Plexin family, with hMICAL-1 and
MICAL-2 showing a preference for Plexin-A3 and
lexin-A4, respectively (Terman et al., 2002); whether
hese interactions contribute to the specificity that we
bserve remains to be determined. In addition, which-
ver model is correct (preferential physical interaction
r action of cofactors), it is expected that the preferred
artners of the Neuropilins could be different in dif-
erent cells (see below).
referential Functional Interactions In Vivo
ur analysis of axon guidance defects in the peripheralsensory projections of Plexin-A3 and -A4 double mu-
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521tant embryos in vivo is in agreement with the model of
preferential (though not exclusive) functional associa-
tion of Plexin-A4 and Plexin-A3 with Neuropilin-1 and
Neuropilin-2, respectively. First, the defects in sensory
projections in the Plexin-A3/A4 double mutant are very
similar to the defects detected in the Neuropilin-1 mu-
tant (Gu et al., 2003; Kitsukawa et al., 1997), supporting
the idea that, in vivo, Plexin-A3 and Plexin-A4 are re-
quired for mediating Sema3A signaling in these neu-
rons. The similarity in the phenotypes also incidentally
supports the idea that the major role of Neuropilin-1 in
these neurons is as a receptor for class 3 Semaphorins
rather than as an adhesion molecule. Importantly, ax-
ons from either Plexin-A4 or Plexin-A3 single mutants
show partial loss of response to Sema3A, but the effect
is more profound in the Plexin-A4 mutants. Thus,
Plexin-A3 and Plexin-A4 mutants may be thought of,
respectively, as a weak functional hypomorph and a
strong functional hypomorph of the Neuropilin-1 mu-
tant, at least for peripheral sensory projections. This is
well illustrated in the case of the trigeminal ganglion:
a mild defasciculation phenotype was observed in the
ophthalmic branch in the Plexin-A3 mutants, a more se-
vere defect was detected in the Plexin-A4 mutants, and
the defects were further enhanced in the Plexin-A3/A4
double mutants. The maxillary branch of the trigeminal
ganglion was only mildly disorganized in Plexin-A4 mu-
tants but became more disorganized in the Plexin-A3/
A4 double mutants. Finally, the mandibular branch is
disorganized only in the Plexin-A3/A4 double mutants,
not in either of the single mutants. The differential sen-
sitivity of the three branches to the loss of Plexin-A3Figure 8. Preferential Association Model for Plexins and Neuropilins
in Class 3 Semaphorin Signaling
Neuropilin-1 is the binding receptor for Sema3A, and Neuropilin-2
is the binding receptor for Sema3F. Plexins are coreceptors and
signal transducers. In sensory and sympathetic neurons, the
Sema3A/Neuropilin-1 signal is mediated principally by Plexin-A4,
and the Sema3F/Neuropilin-2 signal by Plexin-A3. This preferential
functional association is not, however, absolute, as the Sema3A/
Neuropilin-1 signal can also be mediated partly by Plexin-A3, and
the Sema3F/Neuropilin-1 signal partly by Plexin-A4. Horizontal ar-
rows indicate the degree of functional interaction of Neuropilins
and Plexins; it is not known whether they reflect preferential bio-
chemical interactions of Neuropilin-1 with Plexin-A4 and Neuropi-
lin-2 with Plexin-A3, or whether other host cofactors contribute or
are entirely responsible.and -A4 alleles is likely to be explained by the mandib-ular, maxillary, and ophthalmic branches being exposed
to decreasing amounts of Sema3A protein, a possibility
supported by decreasing levels of Sema3A mRNA in
the environments of the three branches (Taniguchi et
al., 1997). In any case, the in vivo phenotypes of the
single and double mutants are in full agreement with
the model that the Sema3A/Neuropilin-1 signal is trans-
duced principally by Plexin-A4, and only to a lesser ex-
tent by Plexin-A3, in these neurons.
Another in vivo phenotype consistent with our model
is the pruning of the infrapyramidal bundle in the hippo-
campus, which is mediated through the Sema3F-Neu-
ropilin-2 pathway and which is severely impaired in the
Plexin-A3 mutant (Bagri et al., 2003; Chen et al., 2000;
Giger et al., 2000; Sahay et al., 2003). (As evaluation
of this defect requires the mutation to be on a CD-1
background, we have not yet been able to evaluate
whether loss of Plexin-A4 shows any impairment in
this pruning.)
However, the in vivo evidence also supports the idea,
mentioned above, that the specific functional interac-
tions of Plexins and Neuropilins might be different in
different cell types. First, pruning of the hippocampal-
septal bundle, which is thought to be mediated through
the Sema3A-Neuropilin-1 pathway, is highly dependent
on Plexin-A3 (Bagri et al., 2003). Second, the develop-
ment of the anterior commissure, which is disrupted in
Neuropilin-2 and Sema3F mutants, is defective in the
Plexin-A4 (as we show here) but not the Plexin-A3 mu-
tant (Chen et al., 2000; Giger et al., 2000; Sahay et al.,
2003). These observations are potentially consistent
with either of the models discussed above. The cofac-
tor model would simply require that the appropriate co-
factors be expressed in hippocampal-septal and ante-
rior commissural neurons. The preferential physical
interaction model can also account for these observa-
tions if hippocampal-septal axons preferentially ex-
press Plexin-A3 rather than Plexin-A4, and if anterior
commissure neurons have the opposite expression
pattern. In this model, the preferential association rule
(Plexin-A3 with Neuropilin-2, Plexin-A4 with Neuropi-
lin-1) would reflect a biased competition when the Plex-
ins are coexpressed, but when a single one of the
Plexins is present it could pair with either one of the
Neuropilins. If this is correct, then other Plexins might
also function as Neuropilin coreceptors in other cells if
they do not need to compete with Plexin-A3 and -A4
for interactions with the Neuropilins. One example of
this may be provided by migrating cardiac neural crest
cells, which are dependent on Sema3C and Sema3A and
which require Plexin-A2 for their migration; this could re-
flect selective expression of Plexin-A2 by these cells (Be-
har et al., 1996; Brown et al., 2001; Feiner et al., 2001).
Finally, two other in vivo phenotypes deserve men-
tion. A striking observation in the peripheral sensory
projections in the Plexin-A3/A4 double mutant was the
extensive branching of the aberrant axons. This branch-
ing phenotype may be secondary to the fact that the
axons in the Plexin-A3/A4 double mutants are also
much longer than those in wild-type embryos. However,
recent studies suggest that in cortical neurons Sema3A
can directly inhibit branch formation without affecting
axon length, which could also explain the enhanced
branching that we observed (Dent et al., 2004). Another
interesting phenotype in the double mutants is the
Neuron
522Iextensive growth and invasion of the aberrant axons
Winto the eye region. This phenotype was not detected in
ENeuropilin-1, Neuropilin-1Sema, or Neuropilin-2 mutant
2
mice, raising the possibility that this phenotype might e
reflect a Neuropilin-independent function of Plexin-A3 C
oand -A4 in the eye (Chen et al., 2000; Giger et al., 2000;
Gu et al., 2003; Kitsukawa et al., 1997). Interestingly,
recent expression analysis of the class 3 Semaphorins
Sin the cranial region in chicks demonstrated that
T
Sema3A is expressed specifically in the eye, but such t
expression was not detected in the mouse (Chilton and 5
Guthrie, 2003; Taniguchi et al., 1997).
In closing, our data support a model in which Neu-
Aropilin-1 associates preferentially but not exclusively
with Plexin-A4 and Neuropilin-2 with Plexin-A3 to medi-
W
ate axonal repulsion by Sema3A and Sema3F, respec- L
tively, in sensory and sympathetic neurons. Whether L
these preferential function associations reflect prefer- H
mential physical association or the action of cofactors
Lremains to be determined, as does whether other Plex-
hins are used in other neuronal classes. Importantly, the
w
Plexin-A3/A4 double knockout is viable, providing a w
valuable tool to explore whether Semaphorin signaling M
contributes to axonal repulsion and inhibition not just s
in the embryo but also during regeneration of axons
following injury. R
R
AExperimental Procedures
P
Generation of Plexin-A4 Mutant Mice
RThe targeting vector was designed to replace exons 18 and 19 of
Plexin-A4 with a cassette containing PGK-neo. It contains a 6 kb
Bhomologous sequence upstream of exon 18, a 2 kb PGK-neo cas-
rsette, and a 4 kb homologous sequence downstream of exon 19
gfollowed by the RSV-TK cassette.
To generate targeted ES cell lines, the vector was linearized and B
electroporated into E14 ES cells. Five correctly targeted ES cell L
lines were identified, and one gave good germline-transmitting b
male chimeras. Heterozygous females were generated and were C
used to establish lines that were backcrossed into either a C57BL/6 B
or a CD1 genetic background. M
For Southern blot analysis, genomic DNA was digested by EcoRI g
and hybridized with a radiolabeled probe. A diagnostic 10 kb frag-
Bment indicated the mutant allele. For rapid genotyping, three primer
LPCR reactions were performed with a common antisense primer
s(5#-CTTCAGCACTGGCTGCTGTCATCT-3#), a sense primer for the
1wild-type allele (5#-CCATGCTCTCCTTCAGCCTGCTCT-3#), and a
Csense primer for the mutant allele (5#-GCTAAAGCGCATGCTCCA
aGACTGC-3#). The PCR products for wild-type and mutant were 676
lbp and 428 bp, respectively.
N
CNorthern Blotting
RNorthern blot was done on total RNA from E12.5 embryos, using
rthe NorthernMax kit. The first 1 kb of the coding region was used
aas a probe.
C
MRT-PCR
aRT-PCR was performed on RNA from E12.5 embryos with primers
b5# to the cassette insertion (5#-TGC ATC TTG AAC ATC CAG GGC
CATC-3#, 5#-GCT CTC ATG GGC AGG GCA GTG CTG-3#) and 3# to
pthe cassette insertion (5#-AGC CCA GAG GTC CCA GTG AAG ATC-
s3#, 5#-CAG ATA GAT CTC AGA CAC CAT CTT-3#).
C
SExplant Culture and Collapse Assay
LNeuronal tissue explants from E13.5 SCG or from E12.5 DRG were
lcocultured with COS cell aggregates and stained as described
p(Chen et al., 2000). Collapse assays on axons from E12.5 DRG were
performed as described (He and Tessier-Lavigne, 1997). Cmmunohistochemistry and DiI Tracing
hole-mount immunostaining using the 2H3 anti-NFM antibody on
11.5 and E12.5 embryos was performed as described (Chen et al.,
000). P1 brains and spinal cords were fixed, and DRG axon tracing
xperiments were performed as described (Taniguchi et al., 1997).
resyl violet staining was performed on 100 m vibratome sections
f E18.5 brains.
upplemental Data
he Supplemental Data include four figures and can be found with
his article online at http://www.neuron.org/cgi/content/full/45/4/
13/DC1/.
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